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DETELOPMBNT OF GRAPHITB/POLTIMIDE 
HONEYCOMB CORE NiTERIALS 


Robert H. Stone 

Lockheed-Califomla Coapany 
Burbank, California 


SUMURY 


:he activities in this program consisted of development and eve0.uatlon 
of honeycomb panel constructions consisting entirely of grapbite/polyimide 
composite materials. The graph! te/polyimide materials were used in the 
honeycomb core webs and in precured sandwich skins. Polyimide adhesives were 
used for skin-core bonding. The purpose of this activity was to develop 
light weight sandwich constructions suitable for use in the 260^C - 316°C 
(500°F - 600°F) range, which could provide comparable shear strength and 
stiffness to metallic honeycomb constructions. 

In the initial program activity, two polyimide matrix systems were 
evaluated: F-178, a bis-maleimide type addition polyimide developed by 

Hexcel Corporation; and NR-150A2:B2, a noncrosslinked aromatic condensation 
polyimide with thermoplastic characteristics. For the core webs, the two 
resins were impregnated onto a light weight bidirectional graphite fabric 
Incorporating 1000 tow Thomel 300 yarns. For the skins, the resins were 
impregnated onto a steuidard bidirectional graphite fabric incorporating 3000 
tow Thornel 300 yarns. 

The F-178 polyimide proved to have a compatibility problem with the 
woven Thornel 300 fibers which had an epoxy sizing, and this portion of the 
program was discontinued. Fabrication of core and prepreg, with the 
NR-150A2:B2/T300 was successful. Precured skins were fabricated with this 
system, and bonded to the core utilizing a cell edge coating of the 
NR-150A2:B2 resin as the adhesive. 
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The NR-150A2:B2/T300 panel oonstruotlons were tested at rooa 
teaperature, and at 268<^ (550<^F) before and after 286% (550%) aging. The 
test results indicated that the graphite honeyooab construction provides 
generally coaparable sechanical properties to aetallio honeycoab construc- 
tions. The NR-150A2:B2/T300 systea appeared to be acceptable, but soaewhat 
aarginal for 288% (550%) use. 

The next phase of the prograa continued the graph! te/polyialde honeyooab 
developaent with two additional systeas; NR-150B2, a aore theraally stable 
version of the NR- 150 type polyiaides; and PHR-15, a NASA developed addition 
polylaide which utilizes three coaaercially available aonoaers. To avoid the 
coapatibility probleas encountered with the sized Thomel 300, and to prov5 * 
a aore theraally stable fiber, HM-S fibers were used in the fora of 
bidirectional woven fabrics for both the core webs and the skins. These HN-S 
fabrics were a recent developaent. The fabrics had a PVA sizing used for 
weaving which was subsequently removed by heat cleaning. 

Honeycomb core, prepreg, and sandwich panels were fabricated with these 
two systems. A recently developed polyimide adhesive, LARC-13, was utilized 
as the skin-core adhesive. LARC-13 was developed by NASA, and is a 
modification of the PHR-15 syst«n. In both cases, the gra^ .Ite/polyinide 
precured skins were of less than optimum quality, because of thermal mismatch 
with the PMR-15/HM-S system which caused resin cracks, and a void problem 
with the NR-150B2. Testing of the sandwich constructions indicated that 
288% (550%) was a marginal use temperature for the PMR-15 and LARC-13 
systems. The NR-150B2 system proved more satisfactory for 288% (550%) use. 

Development and fabrication of the graphlte/polyimide core was performed 
by Hexcel Corp., Dublin, California under the direction of Juan Chorne. 
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INTRODUCTION 


High temperature composite systems incorporating thermally stable 
graphite fibers rnd polyimlde resins appear to have widespread applicability 
for advanced vehicles, such as supersonic aircraft, which require the 
combination of high performance, light weight, and thermal stability these 
materials offer. An effective means of utilizing graphite/polyimide systems 
is in honeycomb sandwich constructions which for many applications provides 
the most structurally efficient and lowest weight design concept. 

The use of graphite composite as a honeycomb core material provides for 
the first time a nonmetallic core construction cap^Dle of matching the 
specific core shear strength and stiffness properties of metallic cores 
(Figs. 1 and 2). The most effective graphite construction to provide these 
properties is the use of continuous fiber reinforcements in the web oriented 
on the bias (±45^) to the core thickness. The chief problem with aluminum 
honeycomb constructions have been their sensitivity to corrosion, but 
available nonmetallic fiberglass and nylon paper cores cannot be substituted 
in many of the more highly loaded components in which metallic core has been 
used, because of their low core shear strength and stiffness. Graphite 
honeycomb provides the necessary match of properties to metallic honeycomb, 
and with composite skins effectively eliminates corrosion as a service 
problem. Despite this advantage, the costs of graphite core will probably 
limit its use as a substitute for aluminum core in applications for the 
standard temperature range up to 177®C (350°F). 

In the higher temperature applications, in supersonic applications where 
use temperatures will range up to 316®C (600®F), graphite core Incorporating 
polyimlde resins would be substituted for the relatively expensive titanium 
brazed honeycomb constructions. For these applications, graphite core would 
be more likely to show cost effeotiveness, and for .Is reason emphasis has 
been placed on development of graphite honeycomb core for higher temperature 
applications. 
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Polylaida R«alns 


An extensive amount of development work has been aooompllshed over the 
last several years on new polylmido resins for use in the range from 232°C 
(45QOp) to 316^C (600'^F), and several new polyimide systems have become 
available for incorporation in this program. The origin;il condensation 
polyimides, while providing excellent thermal stability up to 316^C (600^), 
were extremely difficult to process because of the nature of the condensation 
reaction which pro'Iuced volatile by-produots during the polymerization 
reaction. This also resulted in relatively high void content liuilnates with 
resultant adverse effects on mechanical properties, fatigue life, and 
durability. 

The development of polyimide formulations which polymerized or 
"Imidlzed" with addition reactions eliminated this problem and greatly 
improved processability of the system, but with some less of thermal 
stability. The bis-malelmide type addition polyimides, of which Hexcel's 
F-I78 is an example, provides ease of processing approaching that of epoxies 
and can be cured at 177°C (350^F). With proper post-cure a use toaperature 
of 232°C (450°F) can be achieved. 

For applications in the 232°C - 316°C (450°F - 600°F) range, other new 
systems have been developed to provide a more optimum balance of processabil- 
ity and thermal stability. The NR- 150 polyimide systems developed by Du Pont 
incorporate a very thermally stable, highly aromatic polymer structure 
produced through a condensation reaction. (Ref. 1) The polymer chains in the 
NR-150 systems do not cross-link, however. This produces a noncrystalline 
material with thermoplastic characteristics capable of melt flow above the 
glass transition temperature (Tg). More significantly for processing, the 
absence of cross-linking permits the removal of volatile condensation 
products and residual solvent by means of an oven post-cure. 

Another new polyimide is the PMR-15 system developed by NASA. This is 
an addition polyimide prodr'ed through the reaction of three commercially 
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available monomers in a mixture with ethanol solvent. (Ref. 2) One of the 
monomers, a monomethyl ester of a (Sifunotional acid (NB), provides end-oaps 
for a low molecular weight prepolymer chain produced in the Initial addition 
reaction. Upon further application of heat, the end-caps open to produce the 
cross-linking reaction which produces the final cured resin. PMR-15 provides 
advantages of void- free reactions, production from readily available 
monomeric reactants, and a high degree of thermal stability provided by the 
polymeric structure. 

Relatively few polyimlde film adhesives have become available since 
development of the condensation systons. An adhesive recently developed by 
NASA is a modification of the PHR-15 chemistry in which one of the three 
monomers, methylene-dlaniline (HDA), is replaced with another amine system to 
provide Improved adhesion characteristics. This system, called LARC-13, is 
available as a supported film adhesive. 

Fiber Reinforcements 

The Statement of Work for this program specified the use of graphite 
fabric reinforcement. For the honeycomb core webs, the use of woven fabric 
provided a distinct .dvantage, in that fabric prepreg with its greater 
integrity in the uncvt)'ed form, could be adapted to the expansion process of 
core fabrication in vhich the core is expanded into the hexagonal shape after 
bonding the nodes in the correct pattern on the flat sheet webs. Core with 
graphite tcpe webs would have to be fabricated using the more expensive 
corrugation process in which the nodes are bonded after the webs have been 
formed into the corrugated shape. 

The use of fabric severely limited the selection of graphite fiber 
reinforcement. At the time this program was initiated, the only readily 
available graphite fabric utilized Thornel 300. Thornel 300 has relatively 
poor thermal-oxidative stability as compared to higher modulus graphite 
fibers, such as HT-S or HM-S (Ref. 3), but available data (reported verbally 
to Lockheed) Indicated that Thornel 300 provided acceptable properties up to 
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the 260^C - 288°C (500°F > 550^) range when encapsulated In a thermally 
stable polyimide matrix. Thornel 300 Is available commercially only with an 
epoxy sizing. This sizing, designated 309, is an uncatalyzed epoxy resin 
which varies in content from 0.3% to 2% on the fiber, and was the sizing used 
in the above mentioned specimens where acceptable elevated temperature 
properties were obtained. Thornel 300 was at that time available with a 
polyimide sizing, but only at a very high premium cost. 

At the time the second task of the program was initiated, a new family 
of woven graphite fabrics had been developed utilizing HH-S graphite. HM-S 
is a high modulus 3.86 x 10^ MPa (56 x 10^ psi nominal) fiber which because 
of its high processing temperature and high degree of graphitization has much 
greater thermal stability than Thornel 300. HM-S had previously been 
available only in 10,000 filament tows which were unsuitable for weaving. 

The recent development of 3000 and 1000 filament tows made possible the 
development of standard and light weight bidirectional woven fabrics suitable 
for skins and honeycomb core respectively. HM-S is used without sizing but 
with a heat cleaned surface for prepreg tapes. For the weaving operation, a 
PVA sizing is required, and this must be removed after weaving by heat 
cleaning.. This is one potential problem, but a more basic drawback with HM-S 
is its »*elatively low strength, low strain to failure, and brittle 
characteristics as compared to the lower modulus fibers such as Thornel 300. 
HM-S is also a more expensive fiber, tut the availability of a thermally 
stable fiber in fabric form appeared to outweigh potential disadvantages. 

It should be noted that the Celion graphite fibers, reported to have 
comparable mechanical properties, weavabillty, and costs to vhornel 300 but 
with greatly improved thermal stability, were not available at the time the 
second task of the program was initiated. This fiber would have been an 
obvious choice as a fiber reinforcement for this program had it been 
available . 
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TECHNICAL APPROACH 


Task 1 - Graphlte/Polylmlde Honeycomb Core Development with 
F-178/T300 and NR-150A2:B2/T300 Material Selection 

For the initial program on graphlte/polylmide honeycomb core and panel 
development, two recently developed polyimides were selected: Hexcel's F-178 

bis-maleimide type polylmlde, and Du Font's NR-150A2:B2 polylmlde. These 
systems are discussed more fully in Section 1 of this report. F-178 was 
selected to provide optimum processability for this program because of its 
capability of being cured at 177°C (350°F) using cure procedures canparable 
to epoxy cure cycles. It was recognized that F-178 would be limited in 
thermal stability compared to other systems. 

NR-150A2:B2 was selected to provide an optimum thermal stability in the 
260°C - 288®C (500®F - 550°F) range. This system is a 50:50 mixture of two 
resins of the NR-150 series, NR-150A2 and NR-150B2. NH-150A2 has a glass 

transition temperature (Tg) of 280®C - 300°C (536°F - 572°F), and requires a 
processing temperature of approximately 3^3®C (650®F) , providing a maximum 
use temperature of 260°C (500°F). NR-150B2 has a Tg of 350°C - 371°C (662°F 

- 700°F) and a processing temperature of around 427°C (800°F), providing a 
maximum use temperature of 343°C (650°F). The 50:50 mixture resulted in 
intermediate Tg, processing, and use temperatures (322°C [611°F], 3/1°C 
[700°F] and 2db°C [550°F] respectively), and was selected as optimum for this 
program. It should be noted that the above processing temperatv**es are 
molding temperatures which are sufficiently above the Tg so that melt flow of 
these essentially thermoplastic materials can occur. The polymerization of 
the material is essentially complete at 204®C (400°F). 

The selected fiber reinforcement , as discussed in Section 1 , was epoxy 
sized Thornel 300 in two fabric styles. For the core webs Style 1136 fabric, 
a bidirectional 34 x 33 satin weave incorporating 1000 filament tow T300 yarn 
was used; for tne prepregs used in skin and test laminate fabrication, Style 
1133 fabric, a bidirectional 24 x 23 satin weave incorporating 3000 filament 
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tow T300 yarn was used, inese raorics and tne various resin-noer 
combinations used in the program are summarized and described in Table 1. 

Hexcel Corp. was responsible for material development In this Task, 
including weaving of the fabrics, prepreg fabrication, and honeycomb core 
development and fabrication. Lockheed was responsible for precured 
graphite/polylfflide skin fabrication, honeycomb panel fabrication, and 
testing. The test plan, which was identical for both prograun Tasks is 
outlined in Table 2. Lockheed also fabricated a series of test laminates and 
honeycomb test specimens with each material system in this prog am for 
submittal to NASA. 


F-178/T30d development . - The initial activity at Hexcel, after weaving of 
the fabrics, was a prepregglng processing development with the two polylmlde 
resins. Preliminary mechanical tests were run on laminates fabricated from 
these pre pregs, and the results indicated a compatibility problem with the 
F»178/T300 system. The problem was noted when room temperature flexure 
strengths of laminates given a 260° (500°F) post-cure (required to increase 
thermal stability and use temperature of the F-178 system) were observed to 
have a 50jl reduction compared to laminates which only had the 177°C (350°F) 
initial cuf’e . This indicated that short-time exposure to 260°C (500°F) 
seriously degraded laminate properties, and the fiber-resin Interface bo...** 
involving the 309 epoxy sizing was considered to be the probable cause of 
this problem. Previous work at Hexcel with F-178/Thornel 300 tape pre-preg 
had not encountered a similar compatibility problem, and as these had been 
with another Thornel 300 batch it was thought that batch variations in fiber 
sizing formulation, content, or distribution might be the cause. 

Micrographic examination of T300 fiber from different batches did 
indicate a variability in the amount of sizing Flexural strengths of the 
NR-150A2:B2/T300 system, after cure at 399°C (750°F), were not reduced as 
much as the post-cured F-178 samples indicating that the problem was not 
caused by fiber degradation during post-cure, and that the compatibility 
problem was specific to F-178. 
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Hexoel's approach to resolving this problem Included evaluation of 
different fiber batches, post-cure variations, resin modifications, and MEK 
extraction to remove the fiber sizing after weaving and prior to 
impregnation. Flexural specimens were taken from laminates incorporating 
these variables and tested at FT and 260°C (500^F). Results of this 
evaluation are given in Table 3> and include data ou both unidirectional tape 
specimens and woven fabric specimens. 

The test results given in Tabl. 3 confirmed a batch variability. MEK 
extraction resulted in less RT flexural strength reduction after post-cure; 
and both post-cure variation (step-wise heat-up with maximum post-cure 
temperature reduced to 288°C [550°F]), and F-178 resin modification improved 
the RT properties. Flexure tests at 260°C (500°/F), however, revealed a 
substantial property reductic... 

Hexcel performed additional tests on modified F-178/T300 laminates under 
an in-house program (whose results are therefore not reported here) , and was 
able to eliminate the loss of RT flexure strength after post-cure. However, 
retention of room temperature f’exure strength was only 60$ at 177®C (350°F) 
and 3CS at 232°C v 450OF) and the F-178/Thornel 300 was dropped from the 
progreUD as the result of a mutual decision of NASA, Lockheed, and Hexcel. It 
should be noted that extensive data from other programs have indicated 
excellent propertie'. of the F-178 at temperatures up to 232®C (450°F), and 
that the problems e<:.coi'.itered in this program appear related to a specific 
fib sizing/resin compatibility problem. 

Mfl-15QA2;B2/P.Q0 aaterlal an.(i.-BrpggaatnK deYftlopmgnt.. - The program 
activities on development and fabrication of NR-150A2:B2/T300 honeycomb core 
continued, and Hexcel was successful in fabricating by the expansion process 
a block of this core with 0.95 cm (3/3 inch) cells and 88.1 kg/m3 (5.5 Ib/cu 
ft) density. The core was sliced into 1.27 cm (1/2 in.) segments for testing 
at Lockheed, and 2.54 cm (1 in.) slices for submittal to NASA, (Fig. ?). 
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The core segaents provided to Lockheed h&d a cell edge coating of 
NR-150A2:B2 resin applied to the cell edges using a proprietary Hexcel 
process. The NR-150A2:B2 was applied to the cell edges unstaged but with a 
thixotropic additive. Preiiainary flatwise tensile tests were perforaed with 
speciaens incorporating precured NR- 150/graphite skins which were prepared 
for bonding by light hand sanding. Two speciaens were bonded, one of iriiich 
incorporated a cocured inner ply of the NR-150A2:B2/T300 fabric prepreg. 

This speciaen failed at 3568.2 kPa (517.5 psi) tdiile th'’ speciaen without the 
cocured ply failed at 2223.6 kPa (322.5 psi). These results indicated that 
the coabination of the cell edge NR- 150 coating and a cocured prepreg ply 
against the v.'^re provided a satisfactory skin-core bond. The above test 
speciaens were fabricated at Hexcel and tested by Lockheed. 

The cure cycle recoaaended for NR-150A2:B2 at that tiae by Du Pont 
required cure teaperatures in the 371°C - M27®C (700°F - 800®F) range. 
Lockheed's approach for skin fabrication and skin-core bonding was to de''elop 
an autoclave process. This United cure pressure to 1379 kPa (200 psi), but 
preliainary work at Du Pont indicated that this was an acceptable cure 
pressure (Rof. 4), even though soae reduction in aechanical properties had to 
be accepted, as coapared to press cured laainates processed at such higher 
pressures. The laboratory autoclave at Lockheed is United to a naxinua 
operating teaperature of 316*^C (600^), and a beated platen was developed to 
provide the supplenental heating required. This platen is shown in Figs. 4 
and 5 and consisted of two 61 ca x 61 cn (24 in. by 24 in.) steel plates 
tolted together with nachlned cavities to accomodate cartridge heaters. 
Thermocouple holes were drilled from the bottom to within 0.32 ca (1/8 in.) 
of the top surface to provide temperature readings on the tool surface 
without inserting thermocouples into the laalnate. The plates were bolted 
around the edges to provide a 55.9 cm by 55,9 ca (22 in. by 22 in.) tool 
surface for lay-ups. 

A trial run was made with the platen to cure a NR-150A2:B2 laminate. 

The platen was set on a ceramic (Transite) block and covered with heavy glass 
cloth for Insulation. The autoclave was heated to 177°C (350°F) with the 
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platen siaultanaously heated to 200°C (392*^P). With the autoclave held at 
177<^C (350<^P), the platen was heated to a 300<>C (572°P) dwell and then to the 
final cure teaperature of 400^C (752°P) where it was held for 2 hours under 
1379 kPa (200 psl) autoclave pressure. This cure cycle is outlined fully in 
Table 4, and used on NR-150A2:B2 fiberglass pre-preg procured specifically 
for cure cycle development. The heaters were operated at 150 volts, Mud tool 
surface heat-up rates of 7.2°C/mia. (13°F/mlnute) from RT to 200°C (392«>P); 
3.9°C/ain (70P/nin) from 200^0 (392°P) to 300°C (572°F); and 2.5°C/min. 
(4.50p/min.) from 300<> (572°F) to 400OC (752°F) were achiev^. The 
teaperature was held to 400°C ±, 5.6®C (752®F ±. 10°F) for the 2 hours cure. 

The vacuum bag was Kapton film sealed to the platen with a one-part silicone 
sealant, and this bagging system held full vacuum throughout the cycle. This 
trial successfully demonstrated the heated platen approach for high 
teaperature autoclave processing of the NR-150 system. 

Additional trial laminates were fabricated using the same cure cycle, 
which was a Du Pont recommended cycle, on the fiberglass prepreg. The 
quality of the fiberglass laminates as determined by visual examination, 
resin content, density, and thickness determinations was satisfactory. This 
same cure cycle was then used with the NR-150A2:B2/T300 graphite prepreg, and 
the laminates were determined by visual observation to be excessively starved 
and poor quality. These conditions were the result of excessive flow. This 
prepreg had a volatile content in the 20 - 25% range, and this was considered 
to be excessive. Du Pont recommended a volatile content in the 10 - 12) 
range, and prepreg samples were exposed to various oven drying cycles to 
determine a means of reducing volatile content to this level. A cycle of 15 
minutes at 143^C (290^F) , with each prepreg surface exposed to circulating 
oven air, was found to reduce the volatile content to 12). The roll of 
NR-150A2:B2/T300 prepreg wa^ sent to a local prepregger, and was processed 
through their lieatlng tower at 139 *^C (282^F) for 15 minutes, with the prepreg 
additionally experiencing a five minute heat-up and cool-down as it went 
through the heater. This reduced the volatiles from 23-8) to 11.7) by 
weight. Trial laminates were fabricated using both the Lockheed dried 
prepreg and the reprocessed prepreg, and the results Indicated that 


11 



satisfactory laminate quality was achieved. Thickness per ply for example 
was 34nm (13>^ mils) per ply for the laminate made with reprocessed prepreg 
compared to the nominal 34.8 mm (13*7 mils) per ply. Cured resin content for 
this laminate was by weight which is a relatively high but acceptable 

fiber loading for woven fhbric laminates. Visual appearance was 
satisfactory, and the degree of cure was verified by determination of weight 
loss at 288^C (550°F). After one hour the laminate lost only 0.8f weight. 

NR-150A2:B2/T30Q panel fabrica tion and testing. - These results indicated 
this was a satisfactory procedure for fabrication of the NR-150A2:B2/T300 
precured sandwich skins and a series of test laminates for NASA. These trial 
runs are outlined in Table 4. A series of six laminates were fabricated for 
these purposes and were determined to be satisfaccory in quality and 
appearance. These laminates are outlined and described in Table 5. These 
laminates all had void contents which were high cothpared to standards for 
epoxy laminates, but for the NR-150 system autoclave cured at the low end of 
the recommended pressure range, void contents at these levels were not 
unexpected. A slight warpage also occurred, probably due to a slight 
misalignment of the fill fibers along one edge which occurred during 
reprocessing. This edge was not used in any test pieces, but there still may 
have been some slight misalignment in the laminate. The panels could be 
flattened with hand pressure, so this was not considered to be a serious 
problem, and the laminates were determined acceptable for test use. 

An additional trial honeycomb panel was fabricated using a sample of 
NR-150 resin coated NR-150A2:B2 fiberglass core. A ply of NR-150A2:B2 Style 
181 fiberglass prepreg was cocured adjacent to the core. The precured NR-150 
glass skins were sanded, solvent wiped, and brush coated with NR-150B2 resin 
(used since neat NR-150A2:B2 resin was not available). The bonding cycle was 
based on Du Pont recommendations and is given in Table 6. The results, also 
given in Table 6, were somewhat lower and showed more scatter than expected. 
The failure was in the core to cocured glass Interface. Investigation 
revealed that the coated glass core (used in the trial to save the graphite 
core for test panels) had a thinner, more uneven coating than the graphite 
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core. An additional trial panel waa fabricated using an identical procedure 
except for substitution of the graphite core and use of NS-15CA2:B2 graphite 
prepreg as the cooured inner layer. This prepreg was taken froa a portion of 
the batch iriiich had not been reprocessed to reduce volatiles. The results 
showed a definite inproveaent, 2282.25 kPa (331 psl) average vs. 1558.3 kPa 
(226 psi) average, with the saae skin to core interface failure aode. Based 
on these results, a se** of test panels were fabricated, as required to obtain 
the test specimens outlined in Table 2 plus an additional set of twelve 7.62 
ca by 7.62 cm (3 in. by 3 in.) specials for NASA. 

Tests were then conducted in accordance with the plan outlined in Tatie 
2. Tests were in accordemce with MIL-STD-401, and the only deviation froa 
MlL-STD-401 procedures was in sizing of the beam flexure speciaens, where 
width limitations of the core block required less than optimum loogth for the 
"W direction beam flexure specimens. 

Two difficulties were encountered in performing these tests. The 
flatwise tensile loading blocks and steel plates for plate shear «ere bonded 
with FM-34 polylmide film adhesive for 288^C (550°F) tests, and all test 
failures occurred in the FM-34 bond rather than the test ecimen. These 
were re-bonded using the LARC-13 adhesive in Task 2 , and the tosts will be 
discussed in the next section. The other problem was a test error in which 
1/3 span loading rather than 1/4 span loading was used. (In other words, 
with a 15.2 cm [6 in.] span, the distance between the top loading points was 
5.1 cm [2 in.] rather than the prescribed 7.6 cm [3 in.]). This did not 
affect ultimate strength determinations, and for modulus calculations, a 
revised formula was- obtained from Hexoel to account for the nonstandard 
loading arrangement. 

Task 2 - Graphite /Polylmide Honeycomb Core Development with 
NR-150B2/HM-S and PMR-15/HM-S Material Selection 

The second Task was a continuation of the initial activity, with 
Incorporation of newly developed polylmide resins and graphite fabric 


13 



rein; .'roements. Two additional raslns were selected: NR-I50B2, the more 

thermally stable constituent of NR-150A2:B2; and the NASA developed PNR-15i 
reported to have an optimum combination of processability and thermal 
stability. HN-S fibers, which had recently become available in weavable 3000 
and 1000 tow yarns, were used in fabric form for both skin prepregs and 
honeycomb core webs. These laaterial selections are discussed more fully in 
Section 1. This Task also evaluated a NASA developed polyimlde film 
adhesive, LARC-13, for skin-core bonding; and this system is also discussed 
in Section 1. A summary of the materials used in this Task is given in Table 
1 . 

Fabric development . - Fabrication of the HM-S woven fabrics was the first 
activity in this Task, and some problems were encountered by the fiber 
supplier, Hercules. Standard 10,000 tow HM-S is unsized, but has a heat 
cleaned surface which is the "S" designation. This heat cleaning operation 
proved difficult with the smaller tows because of breakage during the 
processing. Hercules was successful in providing heat cleaned 3000 tow 
fibers for skin and teat laminate fabrication, but could not heat clean the 
1000 tow yarns to be used in core fabrication. A decision was made with NASA 
concurrence to use the 1000 tow yarns in the untreated condition. 

The weaving and prepregglng operations in this Task were performed by 
Fiber! te Corp. The 3000 tow and 1000 tow HM-S fabrics were in bcth cases 
directly comparable in weave style, weight and thickness per ply to the 
Thorne! 300 fabrics described in the Task I Approach. A slight modification 
was required iu the 1000 tow fabric, to the extent that a 3^ warp by 28 fill 
count was used instead of 3^ warp by 33 fill. This deviated slightly from 
true t directionality, but was equivalent in weight tc the 1000 tow T300 
fabric. Fiberite reported considerably more difficulty in the weaving 
operation, however, with HM-S yarns as compared to T300. Since the HM-S 
yarns are not sized, it was necessary to apply a PVA sizing to the yarns for 
the weaving operation. This sizing was subsequently removed by heat cleaning 
for one hour at 371°C (700®F). The prepregglng operation at Fiberite, for 
Mie prepreg to be used in skin fabrication, was accomplished without 
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difficulty with both PMR-15 and NR-150B2 resins except that Fiberite reported 
wetting difficulties with the untreated HM fibers, which were resolved. 

Hexcel impregnated the 1000 tow yarns with the resins and fabricated the two 
graphite honeycomb core samples with relatively few difficulties, except that 
Hext. el lacked autoclave capabilities for the 288^0 (550°F) cross-linking 
reaction of PMR-15 which requires positive pressure. Lockheed therefore 
received staged core from Hexcel imidized at 204^0 (400^F), and processed the 
core at 288°C (550°F) in the autoclave to complete the cure. The core was 
restrained but not bagged during this operation, as the purpose was to 
provide ambient pressure greater than the vapor pressure of volatile 
constituents produced as intermediate reaction products. The core was then 
returned to Hexcel for slicing. The NR-150B2 and PMR-15 graphite core were 
both 96.1 kg/m3 (6.0 Ib/cu ft) density with 0.95 cm (3/8) in. cell size. The 
NR-150B2 core was coated with a cell edge adhesive coating of NR-150B2 resin, 
in the same meumer as the NR-150A2:B2 core in Task I. However, the PMR-15 
was left uncoated since the use of the LARC-13 adhesive was planned for 
skin-core bonding. LARC-13 adhesive was obtained as a film supported on 112 
glass scrim at a weight of 0.293 kg/m^ (0.06 Ib/sq ft). 

The next activity was processing development with the two polyimide 
preoreg systems, and considerably greater difficulties were encountered than 
anticipated in optimizing cure procedures with these systems. 

PMR-15 process development . - The initial trials on PMR-15 utilized 
PMR-15/fiberglass prepreg with recommended cure cycles obtained from the 
literature. These processing trials are outlined in Table 7. These 
laminates appeared to have excessive voids, and a modified cycle was used on 
the PMfi-15/graphlte prepreg. This provided a laminate with satisfactory 
appearance, low voids, and acceptable resin content. Photomicrographs 
revealed however, a regular pattern of transverse cracks in the resin 
extending across each fabric layer. (Fig. 6.) The cracks were not 
continuous across the laminates, and did not involve any fiber breakage. 

These cracks were thought to be the result of thermal stresses in the resin . 
PMR-15 is a relatively brittle resin, and undergoes very high processing 
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temperatures with a maximum 3^3^C (650°F) post-cure temperature. HM-S fiber 
is a relatively brittle fiber with lo%i strain-to- failure, and has a more 
highly negative thermal coefficient of expansion than other graphite fibers 
such as Thornel 300. The NR-150B2 resin, irtiich is much less brittle than 
PMR-15, showed the transverse cracirs but only to a slight extent. It was 
also observed that a PMR-15/HM-S laminate which had been imidized at 204 
(MOO^F) but not fully cured exhibited no cracks. 

The approach taken to resolve this problem was to control cool-down 
rates, both in the autoclave cure and oven post-cure, to 0.56^ (1°F/minute) 
by means of ceun controls. In addition, the post-cure cycle was modified to 
limit the maximum temperature to 316^ (600°F) and to control heat-up rates. 
k stepped heat rise cycle was also used. None of these procedures was 
successful in eliminating the transverse cracks, and it was finally concluded 
that this represented an inherent incompatibility with this particular 
resin- fiber combination. A decision was made to proceed with skin and test 
laminate fabrication and testing with this system in order to evaluate the 
honeycomb properties and obtain comparative data on the PMR-15 resin. A 
summary of the PMR-15 skins and laminates is given in Table 8. 

Because of the less than optimum quality of the PMR- 15/graphite 
laminates, a decision was made to use PMR-1 5/fiberglass skins for those panel 
specimens where skin quality could affect test results. Since the primary 
purpose of these tests was to evaluate the graphite core prop*.rties this 
approach was considered an acceptable means to ensure test failures in the 
core. Fiberglass skins were used for short-beam flexure, flatwise tensile, 
and plate shear tests; but graphite skins were retained for the flatwise 
compression specimens. 

MR-15QB2 process development . - An initial trial NR-150B2/fiberglass 
laminate was fabricated using a Ou Pont recommended cycle and appeared to be 
completely satisfactory. (See Table 9 for NR-150B2 processing trials.) The 
approach used in Task 2 processing of the NR- 150 system differed from the 
Task 1 approach with NR-150A2:B2 in that autoclave cure temperatures were 
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held below the 316^ (600*^) naxlBUB eutoolave temperature so that no heated 
platen was required. This was based on recent Du Pont work Indicating that 
the polymerization reaction of NR-150B2 was essentially complete at 204°C 
(MOO^P) • and that higher temperatures were required only for removal of the 
residual n-methyl pyrrolidone (NMP) solvent and condensation products (Ref. 
4). This could be accomplished in an oven under vacuum or contact pressure. 
This is a more practical approach for eventual part fabrication, since 
supplemental heating for complex shaped parts would Involve tooling costs 
approaching matched die tools. Based on these considerations, a decision was 
made to process the NR-150B2 under autoclave conditions without supplemental 
heaters. 

The initial cure cycle successfully used on the NR-150B2/fiberglass was 
tried on the NR-150B2/HM-S graphite prepreg, and a poor r/iality laminate with 
high porosity was obtained. A large number of cure cycle variations, 
described in Table 9, were tried to eliminate voids, but these were not 
successful. Further trials and developments were finally beyond the 
resources of the program, and a decision was made to fabricate and test the 
honeycomb panels in order to evaluate graphite core properties and obtain 
comparative data. This decision was influenced by the fact that the NR-150B2 
prepreg used in this Task used a mixture of 3 parts ethanol to 1 part NMP. 
Subsequent NR-150B2 development work in other NASA programs concluded that 
}Q0% NMP was a preferable solvent system (Ref. 5). This work determined that 
the ethanol contributes to the void problem by reacting with one of the 
NR- 150 components in such a manner that processing characteristics are 
altered. The inability to eliminate voids may also have been the results of 
NR-150B2 batch variables, as batch variability has been a recurring problem 
with this relatively new system. Another possibility is that residual PVA 
sizing, not fully removed from the HM-S fabric during cleaning, caused the 
void problem, although voids were not a problem with this saune fabric 
combined with PMR-15. In any case, the problem did not appear responsive to 
cure cycle variations. 
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A decision was made to use NR-150B2/fiberglass skins for those honeycomb 
specimens where results could be affected by skin quality. This was the same 
approach used with the PNR-15 panels described previously; and the decision 
was based on the same considerations: namely the nonoptimum quality of the 

NR-150B2 graphite laminates, and the fact that the primary purpose of the 
test is evaluation of the honeycomb core and the LARC-13 adhesive rather than 
the laminates. Fiberglass skins were used for short beam flexure, flatwise 
tensile and plate shear tests; and graphite skins were used for the flatv^*^ 
compression specimens. A mutued agreement was reached with NASA to delete a 
set of NR-150B2/graphlte laminates to be supplied to NASA for tests in view 
of the void content problems. 

LARC-n bonding deveionment. - The cure cycles used In fabrication of the 
PMR-15/HM»S and NR-150B2/HM-S test laminates and sandwich skins are indicated 
in Tables 7 and 9. A trial sandwich panel was fabricated with the LARC*13 as 
the skin-core adhesive, with procured PMR-15 glass skins and a sample of 
fiberglass/polyimide core. The cure cycle and flatwise tensile results are 
given in Table 10 and a specimen after failure is shown in Figure 7. The 
results compare favorably with typical epoxy flatwise tensile results, so 
that even with the loading block failures, these results provided a 
confirmation of LARC-13's acceptability as a skin-core adhesive. The bonding 
cycle given in Table 10 was used for all test panel fabrication with the 
PMR-15 skins. The NR-150B2 core as mentioned had a cell edge coating of 
unstaged NR-150B2 resin. The LARC-13 proved to be compatible with the 
NR-150B2, with a modified cycle which is also shown in Table 10. 

This cycle, a compromise between recommended LARC-13 and NR-150B2 
cycles, was used on two trial panels with NR-150B2/fiberglass skins and the 
coated NR-150B2/graphlte core; one with LARC-13; and one with a cocured inner 
layer of NR-150B2/flberglass pre-preg (Table 10). The results were 
satisfactory in both oases, but since the panels with LARC-13 showed less 
scatter it was decided to use LARC-13 on the NR-150B2/graphlte honeycomb test 
panels. A subsequent trial indicated the simpler PMR-15 bond cycle with 
Increased cure time could be used for the NR- 150 panels. 
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Taatlng- - Tests were conducted on the honeyooab panels in accordance with 
the test plan outlined in Table 2 , and as discussed in the Task 1 Approach. 
Some of the PMR-15 beam flexure specimens were run with an improper loading 
arrangement (3.8 cm [1.5 in.] Instead of 7.6 cm [3 in.] between the top 
loading points with the 15.2 cm [6 in.] span), but this did not affect 
ultimate strength results. Otherwise no test problems were encountered. 
LARC-13 was used for plate and loading block bonds on specimens to be tested 
at 288 (550^F). The standard LARC-13 cure cycle described in Table 10 was 
used, and the LARC-13 proved satisfactory for this purpose with most failures 
at 288<*C (550^F) occurring in the test panel. As mentioned, some MR-150A2:B2 
288 *^C (550*^F) plate shear and flatwise tensile specimens were rebonded with 
LARC-13 and retested. 
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DISCUSSION OF RESULTS 


One of the most significant results of this program was the success 
achieved by Hexcel In fabrication of graphite honeycomb core incorporating 
the NR-150A2:B2, NR-150B2, and PMR-15 resins. These resins, or modifications 
of these resins, are the principal candidates for high temperature composite 
systems; and their adaptability to the expansion process of core fabrication 
provides the option of honeycomb sandwich design for high temperature 
components in advanced vehicles. The concept of using light weight graphite 
bi-directional fabric reinforcements, oriented in the core webs, was 
verified. Figure 1 shows the theoretical range of specific core shear 
strength, and the values obtained in this program with the T300 core are seen 
to fall slightly below the predicted range, but above aluminum core value. 

The HM-S cores, which proved to have less optimum properties, were slightly 
below aluminum values for comparable density. 

The difficulties encountered with the F-178/T300 system appear to be the 
result of a compatibility problem with F-178 and the epoxy sizing used on 
Thornel 300 fibers. Hexcel* s data, outlined in Table 3, showed some 
improvements after resin modification, but retention of mechanical properties 
at elevated temperature was inadequate for purposes of this program. 

NR-150A2:B2/T300 Results 

The test results with the NR-150A2:B2 honeycomb panels (Table 11) 
indicated that the graphlte/polyimlde core provides significantly higher 
properties in compression and shear to aluminum core of the same density. 
Flatwise compression results at room temperature averaged 6267.6 kPa (909 
psl) for 88.1 kg/m3 (5.5 Ib/ou ft) density graphite core compared to a 
reported 4757.55 RPa (690 psl) average for 83.3 kg/m3 (5.2 Ib/ou ft) aluminum 
core. 
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Flatwise oompresslon specimens provided the best comparison of core 
properties at room temperature and 288°C (550°F). The failure mode was 
identical at both temperatures and was cell wall buckling. Retention of RT 
flatwise compression properties at 288^C (550^F) averaged 81} , Indicating a 
significant effect of this temperature. The 3226.9 kPa (468 psl) obtained at 
288^C (53U'^ir) Is a respectable crushing strength, and compares favorably with 
minimum crushing strength at RT of aluminum core of approximately the same 
density, 865 kg/m3 (5.4 pcf ) , which is 3447.5 kPa (500 psl). (Aluminum core 
values are from Hexoel data). Flatwise oompresslon Is particularly useful 
for obtaining comparative date on core at these temperatures because It 
eliminates the bond line and the skin as factors In the failure load. 

Several of the "L" (parallel to core ribbon) and "W" (90® to core 
ribbon) short-beam shear specimens at room temperature failed prematurely 
with a skin-core disbond at one end of the specimen due to cleavage failure. 
Speclmet.s which did not fall with a disbond had shear strength values 
significantly superior to the disbonded specimens, and these values were 
comparable to shear values obtained with aluminum oc « of the same density. 
(See Fig. 1.) The cause of this problem appears to be the excessive 
stiffness of the 0.15 cm (0.060 in.) graphite skins at room temperature. As 
the specimen was deflected, the skins remained stiff and pulled away from the 
core producing the cleavage failure. In the 288®C (550®F) tests the skins 
became less stiff and were able to deflect with the panel, and proper core 
shear failures were obtained In all specimens. This problem was not 
encountered with the PMR-15 or NR-150B2 panels In Task 2, as thinner glass 
skins were used. 

The short-beam flexure specimens at 288®C (550®F) had retentions of RT 
strength (based on the RT specimens which showed no debond) as follows: "L" 

unagcd - 87}; "L" aged - 67}; "W" unaged - 87}; "W" aged - 44}. These 
percentages may be high, since the RT specimens which had no visible disbonds 
showed higher than expected deflections at about the same range as the 
visually disbonded specimens. This may Indicate an adhesive failure which 
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could not be detected visually. The ultimate strength may therefore have 
atm been below ultimate core strength at room temperature. The figures do 
point out, however, the greater reduction of "W core shear properties after 
aglug than "L" shear. The "W short-beam flexure test applied load to the 
node bonds. The NR-150A2:B core used a Sky bond type condensation polylmlde 
as the node bond adhesive, which apparently lost more of Its strength after 
aging at 2680c (550°F) than the NR-150 resin. 

Snort-beam flexure yield strengths are given for 288°C (550°F) tests. 

The "W specimens all had yield points significantly below ultliuatC; as did 
the aged "L" specimens. The unaged *L" specimens had a y point closer to 
the ultimate. Percentages of ultimate at the yield are a. low: : "L" 

unaged - 851; "L" aged - 64%' "W unaged - 70%; "W" aged - , n». This 
Indicates 288<^C (550^F) may have been close to the glass transition temper- 
ature (Tg) of the core webs, which was expected to be around 302^ - 316^0 
(575°F - 600OF). Actual Tg's were determined to be 30QOC {572°F) as received 
and 315°C (599°F) after 500 hours aging at 268°C (550°F). A tentative 
conclusion Is that 288^C (550°F) Is a marginal use temperature for 
NR-150A2:B2. Tg's were obtained by the penetration method which shows better 
correlation with mechanical test results than other methods. 

Difficulties were encountered In the plate shear and flatwlre tensile 
specimens due to test failures at 266^0 (550‘^F) of the steel plates and 
aluminum loading blocks, which were bonded to the panels with FM-34 adhesive. 
These specimens were retained and subsequently rebonded to the plates and 
loading blocks with LARC-13. These results are shown In Table 12. The 288°C 
(550°F) plate shear tests. Intended as core tests, produced skin-core 
failures with unaged 288°C (550°F) values retaining 76% of RT values. Upon 
retest, only one flatwise tensile specimen at 288<^C (550°F) unaged failed 
properly In the bond-line at 27% of RT values. The flatwise tensile value Is 
likely a more accurate Indication of the effects of this temperature on the 
NR-150A2:B2 resin functioning as an adhesive, and Indicates again that 288^0 
(550°F) Is a marginal use temperature for NR-150A2:B2. 
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The RT plate shear results indicate that the NR»150A2:B2 used as a 
skin-core adhesive may not be providing adequate shear capability even at 
room temperature. The specimens failed at the skin-core bond line at an 
extremely low value, and provided no test results which can be related to the 
core. Initially, a trial specimen was made bonding the steel plates directly 
to the core. An ecceptable bond could not be obtained, so a NR-150A2:B2 
fiberglass skin (3 plies, 0.096 cm [0.038 in.] thick) was bonded to the core, 
using the same bonding procedures used for the graphite pa . (Cell edge 

adhesive, plus wet prepreg layer, plus resin coated onto tr.c 'et. :eo skin). 
This was the adhesive layer that provided the premature failure. The steel 
plates were uonded to the fiberglass skins using a room temperature curing 
epoxy for tb** room temperature test specimens and this bond did not fall. 

The RT flatwise tensile results on the other hand indicate an acceptable 
skin-core bond was achieved for this type of loading, and this value compares 
favorably with flatwise tensile results obtained on conventional metal 
sandwich. Flatwise tensile results, while indicative of the quality of the 
adhesive fillet around the cell walls, are not necessarily representative of 
adhesive capability under other loading conditions such as shear or peel. 

The three room temperature specimers ware bonded to the loading blocks using 
a room temperature curing epoxy to ensure against a loading block failure. 

PMR-15/HM-S Test Results 

Room temperatur. ,;roperties obtained with the PMR-15/HM-S graphite 
panels were quite variable in comparison to the NR-150A2:B2 and NR-150B2 
panels (Table 13) and the results reflected adverse effects of the thermal 
cracking problem discussed previously: a relatively poor fiber-resin 

interface bond, and the low strength and brittle characteristics of HM-S 
graphite as compared to Thornel 300. The sharply lower RT flatwise 
compression compared to the NR-150A2:B2/T300 core probably is the result of 
the lower strength HM-S fiber characteristics. The values are significantly 
less than flatwise compression values of comparable density aluminum core. 
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and panels with HM-S core could be ■ar^lnal or Inadequate under iapaot and 
crushing loads. The PHR* 15/graphite core shear strength in the *L* direction 
at RT, however, coapared reasonably well to the other graphite cores and to 
coaparable density aluainua core. The RT "H" core shear values are soaeirtuit 
lower than the other cores which nay reflect a poorer quality node bond, 

Short-beaa flexure and flatwise coapression values tested at 288^ 
(550*^) without heat aging retained an acceptable percent of RT values (68. 
retention in *L” short-beaa flexure, 7k At retention in short-beaa 
flex' 'e, and 80. 7S retention in flatwise coapression). A drastic drop-off 
occurs in these properties when tested at 288% (550%) after 500 hours aging 
at 288% (550%) with retentions of only 8.2f and 19. 8S in *L* and *H* 
short-beaa shear respectively. The flatwise tensile speciaens aged at 288% 
(550%) disbonded during handling and could not be tested. These results 
strongly indicate that 288% (550%) is beyond the capabilities of PMR-15 
resin except for very short-term applications. 

Flatwise tensile results on the PNR-15 panels reflect the behavior of 
the LARC-13 ?ihesive and will be discussed in that section. 

Modulus values were calculated from the short-beaa flexure data using 
MIL-STD-401 formulas but no reasonable values could be obtained. Core 
modulus determinations from sandwich beam flexure are extronely sensitive to 
slight errors in strain measurement, and plate shear is generally recommended 
for core shear modulus determination. Unfortunately, Lockheed did not have a 
proper extensometer set-up for plate shear strain measurements and 
development of this capability was beyond the scope of the program. Thus, 
only plate shear strength was obtained, and the core shetu* strengths obtained 
were somewhat lower than obtained in beam flexure. This reduction is 
probably caused by the partial skin-core disbond noted in the failed 
specimens. 
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NR-150B2/HN-S T«at Results 


The NR-150B2/HM-S core had coeparable roon teaperature bean flexure and 
flatwise compression properties as the PMR-15/HH*S core. (See Table for 
NR«150B2 test results.) The ultimate RT oore shear strength as determined by 
beam flexure and by plate shear was somewhat lower than the 
NH>150A2:B2/T300 oore and comparable density aluminum oore, reflecting the 
lower strength oharaoterlstlos of the HM-S fiber. The NR-150B2/HM-S oore 
like the PHR-15/HH-S core, had RT flatwise compression values significantly 
leas than the NR-150A2:B2/T300 oore and aluminum core of comparable density. 
As previously discussed, these low values are attributed to the low strength 
brittle characteristics of HM-S graphite as compared to Thomel 300, and 
would indicate a serious structural limitation for graphite oore made with 
this fiber. (Ref. Table 14) 

Retention of short-beam flexure and flatwise compression properties at 
288*^C (550^F) without aging was comparable or slightly superior to the PMR-15 
core and the NR-150A2;B2 cores (84$, 75$, and 85$ for "L" beam flexure, "W" 
beam flexure, and flatwise compression respectively). The NR-150A2:B2 oore 
had less retention of flatwise compression at 288^ (550^F) than the other 
two cores but the absolute 288^C (550^F) flatwise compression value of the 
NR-150A2:B2 core was still substantially higher than 288°C (550®F) flatwise 
compression of ths cores incorporating HM-S fiber. 

After 500 hours aging at 288®C (550®F), the NR-150B2 oore had excellent 
retention of RT properties (80$ and 72$ for "L" and "Vf” short-beam shear 
respectively), comparable to 288°C (550^F) retentions of the aged 
NR-150A2:B2/T300 core and greatly superior to 288®C (550®F) retention of the 
aged PMR-15 core. Considering the indications that the NR-150B2/HH-S system 
used may have been less than optimum with batch variability problems and poor 
resin-fiber interface, these results are strong indications that the NR-150B2 
system has excellent characteristics for long-term 288°C (550°F) service. 
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Flatwise tensile results are dependent on oharaot eristics of the LARC-13 
polyimide adhesive, and are discussed in the next section. 

LARC-13 Test Results 

The trial panels bonded with the LARC-13 fila adhesive at 9.29 kg/a^ 
[0.06 Ib/sq ft], supported on 112 glass scrim, gave acceptable flatwise 
tensile test results which compared favorably with typical epoxy flatwise 
tensile values (Table 10). Hhen the LARC-13 was used to bond skins on the 
NR-150EI2 core coated with an unstaged cell edge layer of NR-150B2 resin, 
increased flatwise tensile value were obtained (2899.3 >^a [A20.5 pal] vs. 
1999.55 kPa [290 psi]) for values on uncoated PHR-15 core. This demonstrated 
that LARC-13 could be effectively cocured with NR-150B-2. 

LARC-13 was also used to rebond aluminum loading blocks and steel plates 
onto NR-150A2:B2 flatwise tensile and plate shear specimens which had failed 
at 288^C (550^F) in the loading blocks and plates. These had been bonded 
with FM-3k condensation polyimide adhesive. Loading block failures still 
occurred on two out of three 238^C (550°F) flatwise tensiles (Table 12) , but 
the plate shear-tests at 288^ (550^F) all failed in the specimen (Fig. 8). 
These specimens indicated that LARC-13 may be adequate but somewhat o»rginal 
for short-term 288°C (550°F) exposures. 

The flatwise tensile results obtained on the PMR-15 and NR-150B2 
honeycomb panel specimens (Tables 13 and 14) showed excellent adhesion at 
room temperature. At 288^C (550^F) the unaged NR-150B2 specimens fell off 
drastically In strength with two loading block failures out of the three 
specimens. (Loading blocks were also bonded to the specimens with LARC-13) < 
However, the PMR-15 flatwise tensiles, with LARC-13 bonded loading blocks, 
retained a reasonably good 531 of RT values. A common difficulty with 
flatwise tensile testing is Inadvertent introduction of eccentric loads which 
produce peel failures on the specimen. This may account for the failures of 
LARC-13 aluminum loading block bond at 288°C (550°F) on one set of 
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speolaens but not the other. LARC-13 obviously is lacking in 'reel strength 
at 550^. After 500 hours aging at 288*H; (550^P), the NR-150B2 speoiaens 
disbonded during handling and the PNR«15 speoiaens retained less than 39 of 
RT values, indioating LARC-13 has no aging capability at 288^ (550^). 

In suaaary, LARC-13 appears to have excellent adhesion oharaoteristios 
for skin-oore bond!*'?, but 286^ (550**F) is beyond its useful teaperature 
range, except for short-tera applications. 
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CONCLUSIONS 


The deoonstration by Hexeel of the feasibility of produolng bOD:yo«.aL 
core with light velght graphite fabrios and polylaide resins was the aost 
significant result of this prograa. This product is now an available 
structural aaterial for high teaperature applications with two of the aost 
proaislng polyiaide systeas, NR-150B2 and PMR-15 as aatrix aaterials. The 
core shear test results also confiraed Hexeel 's predictions; and verified 
that graphite honeycoab core, with continuous fiber reinforceaents oriented 
±45° to the web, provides specific shear properties comparable or superior to 
metallic honeycomb. This is the first nonmetallic honeycomb to approach 
metal cores in shear properties, and graphite core can be used with ccaposite 
skins in structural applications where metallic core would create serious 
corrosion and thermal mismatch problems. 

Of the three polyiaide systems evaluated in the prograa, PMR-15 appears 
to be marginal for short-term 288°C (550°F) use, and is not acceptable for 
long-term 288°C (550°F) applications. NR-150B2 appears to have excellent 
288°C (550°F) capabilities, while the NR-150A2:B2 is acceptable for 288°C 
(550°F) but has less thermal stability than the NR-150B2. 

V 

The epoxy sized Thornel 300 fibers reinforcements used in the first task 
appear to be acceptable for high teaperature applications idien combined with 
suitable polyiaide resins, despito the compatibility problems encountered 
with F-178. Neither the fiber or the sizing appeared to adversely affect 
elevcited temperature properties with the NR-150A2:B2 system. 

The higher modulus HM-S fibers also appear to have acceptable thermal 
stability combined with the PMR-15 and NR-150B2 systems. Both HM-S and 
Thornel 300 fibers provided core shear properties slightly less but 
reasonably close to predicted values. However the sharply reduced flatwise 
compression values of the HM-S graphite core indicates that high modulus 
graphites would not provide sufficient crushing strength to the panel to be 
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practical for structural uae. Tbomel 300 and aiailar Intaraadlate aodulua 
fibers y despite theoretically lower theraal stability, appear to be the best 
selection for graphite core relnforceaent. 

Probleas encountered with skin laalnate quality of PHR-15/HM>S indicate 
that theraal aisaatch is a factor that needs to be carefully considered in 
combining a brittle, high temperature curing polyiaide with high modulus 
graphites. The probleas with the NR-150B2 are indicative of batch varia- 
bility and/or storage stability problems. These probleas may have been 
related to the use of ethanol in the solvent mixture, trtiich has now been 
discontinued. 

This program represented one of the first uses of woven high modulus 
HM-S fibers. Despite heat cleaning and weaving difficulties this appears to 
be a promising product. There is a possibility that residual PVA sizing 
contributed to the problems with the cured laminates, and application and 
removal of sizing is an area requiring further studies with these new 
fabrics. 

LARC-13 polyimlde adhesive appears to provide satisfactory adhesive 
characteristics, with excellent processing characteristics, and the system 
appears well adapted for skin-honeycomb core bonding, and for cocuring with 
other polyimlde systems. 288°C (550^F) appears to be a marginal use 
temperature, however, even for short-term applications. 
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TABLE 1 - SUMMARY OF MATERIALS (Concluded) 
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deleted from program, and prepreg and core were never received with this material. 



TABLE 2 - TEST OUTLINE 
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TABLE 3 - test OUTLINE - OPTIMIZATION OF GRAPHITE/POLYIMIDE LAMINATES 
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TABLE 3 - TEST OUTLINE - OPTIMIZATION OF GRAPHITE/POLYIMIDE LAMINATES (Concluded) 
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TABLE 4 - NR-150A2:B2 PROCESSING DEVELOPMENT 




TABLE 4 - NR>150A2:B2 PROCESSING DEVELOPMENT (Concluded) 
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TABLE 5 • NR-150A2:B2/T300 PRE-CURED SKINS AND TEST LAMINATES A (Concluded) 
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TABLE 6 - NR>150A2:B2 HONEYCOMB PANEL BONDING OBVELOPICNT 
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TABLE 7 - PMR-15 PROCESSIMG DEVELOPMENT (Continued) 
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TABLE 7 - PMH-15 PROCESSING DEVELOPMENT (Concluded) 
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TABLE 9 • NR-150B2 PROCESSING DEVELOPMENT (Continued) 



46 





6} HMt to 2000c (3920r) 
•t l.7-3.3“C (3-*“r)/ 



















TABLS 9 - NR-150B2 PROCESSING DEVELOPMENT (Continued) 
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TABLE 9 > NB-150B2 PROCESSING DEVELOPMENT (Concluded) 
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TABLE 10 - LARC-13 BONDING DEVELOPMENT 
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TABLE 10 - LARC-13 BONDING DEVELOPMENT (Concluded) 
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TABLE 11 - TEST RESULTS - NR-150A2:B2/T300 SANDWICH PANEL SPECIMENS 
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TABLE 11 - TEST RESULTS - NR«150A2:B2/T300 SANDWICH PANEL SPECIMENS (Cooolud«d) 


























TABLE 12 > TEST RESULTS OP NR>150A2:B2 SPECIMENS AND 
LOADING BLOCKS RE-BONDED WITH LARC-13 A 
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TABLE 13 - PMR-15/HM-S SANDWICH P>l»’BL TEST RESULTS (Concluded) 
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TABLE 1M - NR-150B2/HM-S SANDWICH PANEL TEST RESULTS 
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t SHEAR 8TREMGTH - liPa (psi) 



» iQ cof« ribbon diroction 


Figure 1. Graphite honeycomb core shear strength (RT). 
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L SHEAR MODULUS - Iktil 



CORE DENSITY . kg/m^ Ubifxh 


• 'X*' “ Psitllcl to con ribbon diiMtion 


Figure 2. Graphite honeycomb oore shear modulus (3T). 
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